Liver disease affects over 25 million people in the United States and, despite advances in medical management resulting in increased survival, a majority of these individuals report multiple co-occurring symptoms that severely impair functioning and quality of life. The purpose of this review is to (1) propose defining these co-occurring symptoms as a symptom cluster of chronic liver disease (CLD), (2) discuss putative underlying biological mechanisms related to CLD, including the liver-gut-brain axis and influence of the microbiome, and (3) discuss the implications for biobehavioral research in this patient population. Biobehavioral research focusing on the interrelated, and possibly synergistic, mechanisms of these symptoms may lead to the development and testing of targeted symptom management interventions for improving function and quality of life in this growing patient population.
million Americans. A vast majority of individuals with CLD report multiple, co-occurring symptoms over the course of the disease that interfere with quality of life and daily functioning. The similarity of the symptom experience among individuals with CLD suggests that there may be common physiologic processes underlying multiple symptoms; however, research in this population has focused on singular symptoms instead of the collective symptom experience. Therefore, the first purpose of this review is to propose defining these co-occurring symptoms as a symptom cluster of CLD. The second purpose is to discuss putative underlying biological mechanisms related to CLD, including the liver-gut-brain axis and influence of the microbiome, a term used to denote the diverse array of microorganisms (microbiota) that inhabit the intestinal tract (Quigley & Monsour, 2013) . The third purpose of this review is to posit potential implications of defining the CLD symptom cluster for biobehavioral research in this patient population. causes of death in the United States when the subtypes of viral hepatitis, cirrhosis, and liver cancer are combined (Newton & Jones, 2012) . Importantly, NAFLD/NASH is now the number one cause of liver disease in Western countries, whereas the prevalence of other CLD subtypes have remained stable or even decreased (World Gastroenterology Organization, 2012) . While CLD affects all ages, genders, racial and ethnic groups, and socioeconomic classes (Bell et al., 2008) , lower socioeconomic groups and disadvantaged individuals are disproportionately affected, including Hispanic Whites and African Americans (National Institutes of Health, 2009).
Advances in medical management have substantially improved long-term survival in some CLD subtypes by preventing or delaying disease progression (Vernon, Baranova, & Younossi, 2011) . Despite these improvements in survival, a majority of individuals living with CLD report multiple distressing symptoms that significantly impair quality of life and functional status (David et al., 2009) . The most common symptoms reported by individuals with CLD include fatigue, cognitive impairment (non-encephalopathic), mood disturbances, pain, and sleep disturbances (DeCruz, Espiritu, Zeidler, & Wang, 2012; Elwing, Lustman, Wang, & Clouse, 2006; Jones, 2007; Newton & Jones, 2012) . In contrast with other subtypespecific symptoms (pruritis in cholestatic disease or right upper quadrant abdominal pain and depression with hepatitis C virus [HCV]), these co-occurring symptoms develop across the broad array of CLD pathologies (Elliott, Frith, Pairman, Jones, & Newton, 2011; Patanwala et al., 2010) . The impact of these symptoms was once thought to be directly related to the pathophysiological consequences of cirrhosis and end-stage liver disease. However, with more people living with CLD, it is now recognized that symptoms can occur throughout the disease course, are not related to disease severity, and frequently do not improve with treatment of the underlying disease process (Newton & Jones, 2012; Swain, 2006) .
Co-Occurring Symptoms of CLD as a Symptom Cluster
The hypothesis that co-occurring symptoms develop from shared biological mechanisms was proposed in the oncology literature in 2001 (Dodd et al., 2001) . While some researchers define symptom cluster as two or more symptoms that are related, co-occur, and share a common etiology (Miaskowski, Aouizerat, Dodd, & Cooper, 2007) , there is still no apparent agreement on the number of symptoms needed and period of time necessary to consider concurrent physiological, psychological, and cognitive symptoms as a symptom cluster (Barsevick, 2007) . Nevertheless, symptom clusters have been identified either by clinical observation or statistical analysis of empirical data in a variety of general medical conditions, including congestive heart failure (Jurgens et al., 2009) , cancer (Kirkova, Aktas, Walsh, & Davis, 2011) , and fibromyalgia (Rutledge, Mouttapa, & Wood, 2009) . Symptoms shared among the many subtypes of CLD may represent a symptom cluster common to this patient population and, in that light, may be amenable to shared symptom management strategies.
Putative Mechanisms of the CLD Symptom Cluster
For individuals living with CLD, several biological systems may contribute to the development and persistence of distressing symptoms. These include the immune system, central nervous system (CNS), and the autonomic nervous system, which includes the sympathetic nervous system and parasympathetic nervous system (PNS) divisions as well as the enteric nervous system (ENS). The ENS plays an important role in the bidirectional communication that occurs between the brain and the gut as well as liver-gut-brain signaling, which becomes altered in the presence of CLD (Cryan & Dinan, 2012) . The liver-gutbrain axis is a physiological network that orchestrates interactions among the neurological, endocrine, and immune systems and provides the intestinal microbiota and their metabolites with a potential route through which to influence homeostatic functions as well as behavior (Collins, Surette, & Bercik, 2012) .
Immune System
Inflammation. Inflammation is a likely candidate for a shared mechanism of commonly experienced symptoms in CLD because it is a fundamental physiological phenomenon involved in the development, initiation, and progression of CLD (Gao, Jeong, & Tian, 2008) . The relevance of inflammatory activation in CLD is tied to the importance of the liver in regulating endocrine-immune responses as well as the changes that occur in disease. The liver contains the largest population of fixed macrophages in the body, which represents an important source of the cytokines found in circulation (Tjandra, Sharkey, & Swain, 2000) . Elevated circulating cytokine levels have been commonly reported in the setting of CLD (Swain, 2006) . Previous studies have linked high circulating levels of proinflammatory cytokines with co-occurring symptoms, including fatigue, depressive symptoms, sleep disturbances, and pain (Kiecolt-Glaser, McGuire, Robles, & Glaser, 2002; Larson & Dunn, 2001 ). In addition, interferon gamma, a cytokine administered for the treatment of a variety of cancers as well as hepatitis C has also been found to induce fatigue (Raison et al., 2010; Sarkar, Jiang, Evon, Wahed, & Hoofnagle, 2012) . Moreover, chronic low-grade inflammation is a key feature of obesity, a primary cause of the largest growing CLD subtype, NAFLD (World Gastroenterology Organization, 2012). The inflammatory response triggered by obesity involves many components of the classic inflammatory response to pathogens, including systemic increases in circulating inflammatory cytokines and acute phase proteins, recruitment of leukocytes to inflamed tissues, activation of tissue leukocytes, and generation of reparative tissue responses like fibrosis (Sanyal et al., 2001) .
Thus, inflammation that accompanies the initial insult to the liver may be an instigating event in the cascade of pathophysiological changes that occur in CLD (Swain, 2006) . Alterations in the capacity of the liver to maintain endocrine-immune responses in the setting of CLD may be an important mechanism in explaining shared symptoms.
Liver-gut-brain axis. The liver is one of the largest endocrine glands in the body, second only to the intestinal tract, and receives 80% of its blood supply from the small and large intestines via the portal vein (Seki & Schnabl, 2012) . It acts as an organ barrier or filter between the intestinal tract and the rest of the body and provides protection against potentially toxic bacterial products, environmental toxins, and food antigens by launching the innate immune system, an important first line of defense against infection (Gao et al., 2008) . Hepatocytes contribute to innate immunity through the production of complement components and secreted pattern recognition receptors (PRRs) that recognize pathogen-associated molecular patterns expressed by invading pathogens, such as lipopolysaccharide and peptidoglycan (Seki & Schnabl, 2012) . Normally, the intestinal microbiome, an array of microorganisms predominantly composed of bacteria, is contained within the intestinal lumen by a thin epithelial barrier and does not interfere with liver immune function. Owing to a ''core microbiota,'' the intestinal microbiome is relatively stable throughout an individual's life span (Cryan & Dinan, 2012) and both the composition and quantity of the bacteria help sustain homeostasis.
The intestinal epithelium helps to maintain a symbiotic relationship between the liver and gut microbiome, providing a natural barrier that permits selective entry of specific nutrients and ions and water while preventing entry of harmful molecules, including bacteria (Quigley & Monsour, 2013) . Specialized intercellular structures known as tight junctions, along with PRRs, play a large role in regulating immune responses to bacteria and can prompt gut-associated lymphoid tissue when harmful bacteria is detected in the intestinal lumen (Miele et al., 2009; Vajro, Paolella, & Fasano, 2013) . In CLD, the gut epithelium can lose its protective qualities due to injury of the tight junctions, which leads to intestinal barrier malfunction or leaky gut (Seki & Schnabl, 2012) . Zonulin, a molecule that reversibly modulates the permeability of the tight junctions, is thought to play a key role in intestinal barrier malfunction (Fasano, 2011) . Inflammatory mediators activate the promoter region of the zonulin gene, thereby upregulating its production (Moreno-Navarrete, Sabater, Ortega, Ricart, & Fernandez-Real, 2012 ). In addition, high-fat meal-related hypertriglyceridemia and alcohol consumption can lead to derangement of the tight junctions, thereby causing increased intestinal permeability and plasma endotoxins (Musso, Gambino, & Cassader, 2010) .
Intestinal barrier malfunction is associated with increased bacterial translocation, the migration of viable bacteria or bacterial products from the intestinal lumen to mesenteric lymph nodes, and other extraintestinal organs and sites. Increased translocation of bacteria and bacterial products from the intestine promotes NF-kB synthesis by stimulating the production of interleukin (IL)-1b and increases nitric oxide synthesis, leading to ongoing inflammatory activation (Ilan, 2012) . As a result, microbial translocation enhances liver inflammation, thus further compromising liver function and contributing to fibrosis (Seki & Schnabl, 2012) . Increased barrier permeability can allow bacteria, fungi, parasites, and their toxins to move from the intestinal lumen to the submucosa and bloodstream (Vajro et al., 2013) . Ultimately, a disruption of the homeostasis between the gut microbiome and the immune system increases an individual's disease risk and may alter neurocognitive function (Quigley & Mansour, 2013) .
The gut microbiota and its metabolites can access the brain through various routes within the liver-gut-brain axis. These routes include the bloodstream and the area postrema (a structure of the medulla that is outside of the blood-brain barrier and does not contain tight junctions), release of cytokines from mucosal immune cells and gut hormones from enteroendocrine cells, and afferent neural pathways such as the vagus nerve (Collins et al., 2012) . This tridirectional communication among the CNS, the peripheral nervous system, and the ENS links emotional and cognitive centers of the brain with peripheral functions (Cryan & O'Mahony, 2011) . This axis explains how the microbiota influences CNS function and how the brain can influence gastrointestinal and related immune functions as well as emotional factors such as stress, depression, and anxiety (Collins et al., 2012; Cryan & Dinan, 2012) .
In summary, dysregulation of the liver-gut-brain axis is a key feature of CLD and a likely candidate for a shared mechanism of commonly experienced symptoms. As further liver damage occurs, the tight junctions become impaired and the liver can no longer produce the components necessary to mount an adequate innate immune response, resulting in increased vulnerability to bacterial overgrowth and/or translocation. Likewise, intestinal barrier malfunction leads to bacterial translocation and elevated levels of bacterial products in the systemic circulation, causing an ongoing inflammatory response as well as symptom persistence (Schnabl, 2013) .
CNS
Altered neurotransmission in the CNS. CLD has been associated with changes in CNS neurotransmission as well as behavior (D'Mello & Swain, 2011) . Although altered neurotransmission and neurocognitive changes were traditionally tied only to hepatic encephalopathy, it is now understood that these changes can occur throughout the disease course and can range from minimal to overt (Kappus & Bajaj, 2012) . The intestinal microbiota can alter neurochemical communication between the gut and brain because it is a major source of circulating organic acids, tryptophan metabolites, and fermentation products such as lactic and propionic acid (Collins et al., 2012) . Although it is unclear how these molecules influence central neurotransmission, it is possible that they can alter the central levels of neurotransmitters in the brain, leading to behavioral changes (Swain, 2006) . Support for the premise that the intestinal microbiota can influence behavior comes from studies that have found an association between high levels of self-reported anxiety and elevated fecal concentrations of propionic acid (Tana et al., 2010) as well as the findings that commensal lactobacilli and bifidobacteria produce gammaaminobutyric acid (Barrett, Ross, O'Toole, Fitzgerald, & Stanton, 2012) , an amino acid neurotransmitter with anxiolytic properties. Gut bacteria also produce serotonin (5-HT), dopamine (D), noradrenaline (NA), and acetylcholine (ACh). Alterations in the microbiota-gut-brain signaling and/or availability of substrates required to produce neurotransmitters can alter central neurotransmission and lead to co-occurring symptoms including fatigue, cognitive impairment, and mood and sleep disturbances (D'Mello & Swain, 2011) .
Autonomic dysfunction (AD). AD is common in CLD and manifests as abnormalities in heart rate and blood pressure regulation (Newton et al., 2007) . Although AD was once thought to arise only in the setting of cirrhosis, recent studies have reported that it is present in the early precirrhotic stages of liver disease involving NAFLD, PBC, PSC, and HCV (Newton, Wilton, Pairman, Jones, & Day, 2009; Osztovits et al., 2009; Salerno & Cazzaniga, 2009 ). Both peripheral and central mechanisms can contribute to AD. Peripheral mechanisms involve decreased vascular tone and alterations in the elasticity of the liver, which play a key role in splanchnic buffering (Stevens, Allen, Murray, Jones, & Newton, 2009 ). Researchers have also described central anatomical and functional effects of CLD that lead to AD, including impaired cerebral autoregulation (Hollingsworth et al., 2009 (Hollingsworth et al., , 2010 . One of the most characteristic symptoms of AD is fatigue (Abbas, Jorgensen, & Lindor, 2010; Newton, 2010) that is often accompanied by sleep disturbance and physical inactivity (Newton & Jones, 2012) . AD is also associated with mood disorders (Lee, Otgonsuren, Younoszai, Mir, & Younossi, 2013; Weinstein et al., 2011) , and cognitive symptoms (Elliott et al., 2011; Newton et al., 2009) .
Psychological stress. Perceived psychological stress leads to activation of the hypothalamic-pituitary-adrenocortical (HPA) axis through increased release of cortisol and catecholamines, thereby exerting a facilitative effect on the hepatic inflammatory response. In contrast, the efferent PNS elicits an inhibitory effect on the development of hepatic inflammation (Chida, Sudo, & Kubo, 2006) . Patients with CLD have decreased cortisol clearance as well as decreased cortisol binding in plasma resulting in a longer effect of cortisol on the HPA axis (Swain, 2000) . Increased psychological stress can induce elevated levels of proinflammatory cytokines in the liver, suggesting a direct link between stress and liver inflammation (Tjandra et al., 2000) . Elevated psychosocial stress has also been shown to hasten the course of fibrosis in patients with viral hepatitis by increasing glucocorticoid levels, which, in turn, increases natural killer cell-induced hepatocyte apoptosis (Vere, Streba, Streba, Ionescu, & Sima, 2009) .
Within the context of the liver-gut-brain axis, chronic psychological and/or psychosocial stress as well as mood disorders (depression and anxiety in particular) can further contribute to disruption of the intestinal barrier and gut microbiota composition (Soderholm & Perdue, 2001) . Psychological stress is associated with increased gut permeability mediated by the release of endogenous glucocorticoids (Swain, 2000) . The mechanisms by which stress influences the gut microbial composition may include alterations to the microbial habitat following stressinduced changes in intestinal motility and mucin production (Collins et al., 2012) . In addition, the release of catecholamines can alter gene expression in some bacteria, resulting in preferential growth of certain gut bacterial communities (Lyte, Vulchanova, & Brown, 2011) . In turn, it has been recently shown that the microbiome influences both brain neurochemistry and function, which can induce alterations in behavior (depression/ anxiety) as well as cognition (Clarke et al., 2013; Diaz Heijtz et al., 2011; Neufeld, Kang, Bienenstock, & Foster, 2010) .
In summary, common symptoms of CLD may be influenced by activation of the HPA axis that affects the tridirectional relationship among the CNS, ANS, and ENS. Alterations in neurotransmission as well as AD are intricately connected to liver immune responses and may contribute to co-occurring symptoms in CLD.
Implications for Biobehavioral Research
The recognition of shared symptoms among the various etiologies of CLD suggests that there may be common mechanisms contributing to the manifestation of these symptoms over the disease course. Based on this review, we constructed a conceptual framework describing the potential mechanisms underlying the common symptom experience of CLD, which is depicted in Figure 1 . Investigations focused on the liver-gutbrain axis suggest a level of system interdependence that may be a crucial factor in identifying the biological substrates of the CLD symptom cluster as well as explaining how they persist over time (Cryan & Dinan, 2012; Schnabl, 2013) .
Alterations in the liver-gut-brain axis occur early in CLD, involving inflammatory activation, increased intestinal permeability, microbial translocation, bacterial overgrowth, and changes Figure 1 . Putative mechanisms underlying the symptom experience in chronic liver disease (CLD). Several simultaneously occurring biological mechanisms likely contribute to the development of the CLD symptom cluster. Inflammation is a contributing factor to the development and progression of CLD. The central (CNS), autonomic (ANS), and enteric nervous systems (ENS) respond to stress, whether psychological or physiological (the inflammation). With this response comes the activation of the hypothalamic-pituitary-adrenal (HPA) axis along with further ENS activation with potential for intestinal barrier malfunction and leaky gut. Alterations in the gut microbiota can influence availability of substrates required to produce neurotransmitters in the brain, which is another putative mechanism of co-occurring symptoms. Once developed, the co-occurring symptoms of CLD have a potential bidirectional relationship with the CNS, ANS, and ENS. IFN ¼ interferon; IL ¼ interleukin; TNF ¼ tumor necrosis factor. Adapted from ''Mind-altering microorganisms: The impact of the gut microbiota on brain and behavior,'' by J. F. T. G. Dinan, 2012, Nature Reviews Neuroscience, 13, pp. 701-712. Copyright 2012 by Macmillan Publishers Ltd. in the gut microbiota, all of which may contribute to the CLD symptom cluster. Owing to the wide scope of molecular and physiological processes involved in CLD, research to identify the pathogenesis of the CLD symptom cluster will likely require analysis of protein products (proteomics), metabolic profiles (metabolomics), and gene expression (transcriptomics). Although this enterprise may appear daunting, many of the biological samples required to obtain such data are already being collected as a part of the clinical workup of patients with CLD.
Sustained levels of inflammatory mediators locally or in circulation may contribute to the persistence of the CLD symptom cluster. While the liver orchestrates the innate immune response to pathogens, there have been no studies to examine the relationships between the components of innate immunity and the CLD symptom cluster. Cytokine dysregulation and altered levels of circulating immune cell subtypes have been posited as contributors to symptom clusters and can be simultaneously measured in blood samples. Increased intestinal permeability can be evaluated by the pattern of tight junction protein expression and serum level of zonulin (Collins et al., 2012) . In addition, small intestine bacterial overflow can be evaluated by measuring levels of breath hydrogen and methane after administration of lactulose or glucose because these gases are produced exclusively by intestinal bacteria (Dupont & Dupont, 2011) .
Traditionally, the gut microbiota has been evaluated with stool samples using culture-based techniques, and new developments in ''microbial culturomics'' now allow identification of previously uncultivated microorganisms from the gut (Lagier et al., 2012) . High-throughput DNA sequencing of the gut microbiota allows for more rapid compositional analysis but does not provide direct information on microbial viability or functional potential (Guinane & Cotter, 2013) . Regardless of the method used to examine the composition of the gut microbiota, it will also be necessary to examine how the microbiota influences other components of the liver-gut-brain axis.
Biobehavioral research is not only focused on understanding the mechanisms of a disease process and associated symptoms, it is also relevant for developing nursing or nonpharmacologic interventions that may contribute to improved symptom management. Of particular importance to nursing research is the fact that not all patients are vulnerable to experiencing symptom clusters, and the differences between patients are often explained by psychological, social, and/or behavioral factors (Illi et al., 2012; Johansson et al., 2014) . Psychological and psychosocial nursing interventions aimed at reducing stress, strengthening self-management skills, and enhancing positive methods of coping have the potential to reduce sympathetic overload and cytokine dysregulation as well as improve quality of life in chronically ill patients. For example, strategies such as mindfulness-based stress reduction meditation programs for cancer survivors have demonstrated decreased levels of stress, reduction in Th1 (pro-inflammatory) cytokines, and enhanced quality of life (Carlson, Speca, Faris, & Patel, 2007) . To date, however, there have not been any studies that have examined the influence of such interventions on the symptom experience in individuals with CLD.
Behavioral interventions such as weight loss and exercise can improve physiological aspects of CLD as well as the individual's level of functioning (Bergasa, Mehlman, & Bir, 2004; Promrat et al., 2010) . However, whether or not these interventions affect the symptom experience has yet to be explored. Dietary modifications, including prebiotics and probiotics, can alter the composition of the microbiome with consequential changes in bacterial metabolism (Quigley & Monsour, 2013) . These changes can alter the production of short-chain fatty acids and peptidoglycan, which have immune modulatory and regulatory functions, thereby altering the communication between the immune system and brain. Future research should exploit the ability of the microbiota to influence the CLD symptom cluster as well as repair and remodeling of the liver-gut-brain axis (Vajro et al., 2013) .
Conclusions
The similarity of the symptom experience among patients with CLD suggests there may be common pathophysiological processes at work, thus raising the possibility of symptom clusters in CLD and the potential for shared management strategies among the various subtypes of the disease. With more individuals living long term with CLD, it is important to understand the biological substrates of the CLD symptom cluster, so that we may begin to develop more targeted and effective symptom management strategies. Recent knowledge gained regarding the liver-gut-brain axis opens new opportunities for nurseresearchers to examine the interdependent and possibly synergistic biological interactions from a systems level. The development of interventions focused on the modulation of the liver-gut-brain axis and the microbiota has potential to positively influence the health of the mind and the body in individuals with CLD as well as other chronic diseases.
